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Abstract. This article considers the iterative solution of a finite element discretization of
the magma dynamics equations. In simplified form, the magma dynamics equations share some
features of the Stokes equations. We therefore formulate, analyze, and numerically test an Elman,
Silvester, and Wathen-type block preconditioner for magma dynamics. We prove analytically and
demonstrate numerically the optimality of the preconditioner. The presented analysis highlights the
dependence of the preconditioner on parameters in the magma dynamics equations that can affect
convergence of iterative linear solvers. The analysis is verified through a range of two- and three-
dimensional numerical examples on unstructured grids, from simple illustrative problems through to
large problems on subduction zone–like geometries. The computer code to reproduce all numerical
examples is freely available as supporting material.

Key words. magma dynamics, mantle dynamics, finite element method, preconditioners

AMS subject classifications. 65F08, 76M10, 86A17, 86-08

DOI. 10.1137/130946678

1. Introduction. The mantle of Earth extends from the bottom of the crust to
the top of the iron core, some 3000 km below. Mantle rock, composed of silicate min-
erals, behaves as an elastic solid on the time scale of seismic waves but over geological
time the mantle convects at high Rayleigh number as a creeping, viscous fluid [31].
This convective flow is the hidden engine for plate tectonics, giving rise to plate bound-
aries such as midocean ridges (divergent) and subduction zones (convergent). Plate
boundaries host the vast majority of terrestrial volcanism; their volcanoes are fed by
magma extracted from below, where partial melting of mantle rock occurs (typically
at depths less than ∼100 km).

Partially molten regions of the mantle are of interest to geoscientists for their
role in tectonic volcanism and in the chemical evolution of the Earth. The depth
of these regions makes them inaccessible for direct observation, and hence studies of
their dynamics have typically involved numerical simulation. Simulations are often
based on a system of partial differential equations derived by McKenzie [27] and since
elaborated and generalized by other authors, e.g., [10, 33, 34]. The equations describe
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two interpenetrating fluids of different densities and vastly different viscosities: solid
and molten rock (i.e., mantle and magma). The grains of the rock form a viscously
deformable, permeable matrix through which magma can percolate. This is captured
in the theory by a coupling of the Stokes equations for the mantle with Darcy’s law
for the magma. Although each phase is independently incompressible, the two-phase
mixture allows for divergence or convergence of the solid matrix, locally increasing or
decreasing the volume fraction of magma. This process is modulated by a compaction
viscosity, and gives rise to much of the interesting behavior associated with coupled
magma/mantle dynamics [35, 36, 21, 37].

The governing equations have been solved in a variety of contexts, from idealized
studies of localization and wave behavior, e.g., [1, 8] to applied studies of plate-tectonic
boundaries, especially midocean ridges, e.g., [15, 18]. These studies have employed fi-
nite volume techniques on regular, Cartesian grids, e.g., [20]. Unlike midocean ridges,
subduction zones have a plate geometry that is awkward for Cartesian grids; it is, how-
ever, conveniently meshed with triangles or tetrahedra, which can also focus resolution
where it is most needed [38]. Finite element simulations of pure mantle convection in
subduction zones are common in the literature, but it remains a challenge to model
two-phase, three-dimensional, magma/mantle dynamics of subduction, even though
this is an area of active research [22, 39]. Such models require highly refined compu-
tational meshes, resulting in very large systems of algebraic equations. To solve these
systems efficiently, iterative solvers together with effective preconditioning techniques
are necessary. Although the governing equations are similar to those of Stokes flow,
there has been no prior analysis of their discretization and numerical solution by the
finite element method.

The most computationally expensive step in modeling the partially molten mantle
is typically the solution of a Stokes-like problem for the velocity of the solid matrix.
To address this bottleneck in the context of large, unstructured grids for finite ele-
ment discretizations, we describe, analyze, and test a preconditioner for the algebraic
system resulting from the simplified McKenzie equations. The system of equations
is similar to the Stokes problem, for which the Silvester–Wathen preconditioner [32]
has been proven to be optimal, i.e., the iteration count of the iterative method is
independent of the size of the algebraic system for a variety of discretizations of the
Stokes equations (see also [26]). The key lies in finding a suitable approximation to
the Schur complement of the block matrix resulting from the finite element discretiza-
tion. We follow this approach to prove and demonstrate numerically the optimality
of the preconditioner for coupled magma/mantle dynamics problems. The analysis
and numerical examples highlight some issues specific to magma/mantle dynamics
simulations regarding the impact of model parameters on the solver performance. To
the best of our knowledge, together with the work of Katz and Takei [19], we present
the first three-dimensional computations of the (simplified) McKenzie equations, and
the first analysis of a preconditioner for this problem.

In this work we incorporate analysis, subduction zone inspired examples, and soft-
ware implementation. The analysis is confirmed by numerical examples that range
from illustrative cases to large, representative models of subduction zones solved using
parallel computers. The computer code to reproduce all presented examples is paral-
lelized and is freely available under the Lesser GNU Public License (LGPL) as part of
the supporting material [30]. The proposed preconditioning strategies have been im-
plemented using libraries from the FEniCS Project [2, 24, 25, 28] and PETSc [7, 5, 6].
The FEniCS framework provides a high degree of mathematical abstraction, which
permits the proposed methods to be implemented quickly, compactly, and efficiently,
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A1962 RHEBERGEN, WELLS, KATZ, AND WATHEN

with a close correspondence between the mathematical presentation in this paper and
the computer implementation in the supporting material.

The outline of this article is as follows. In section 2 we introduce the simplified
McKenzie equations for coupled magma/mantle dynamics, followed by a finite element
method for these equations in section 3. A preconditioner analysis is conducted in
section 4 and its construction is discussed in section 5. Through numerical simulations
in section 6 we verify the analysis; conclusions are drawn in section 7.

2. Partially molten magma dynamics. Let Ω ⊂ R
d be a bounded domain

with 2 ≤ d ≤ 3. The McKenzie [27] model on Ω reads

∂tφ−∇ ·
(
(1− φ)u

)
= 0,(2.1)

−∇ · 2ηε(u) +∇pf = ∇
((

ζ − 2
3η
)
∇ · u

)
− ρ̄ge3,(2.2)

∇ · u = ∇ · κ
μ
∇ (pf + ρfgz) ,(2.3)

where φ is porosity, u is the matrix velocity, ε(u) = (∇u + (∇u)T )/2 is the strain
rate tensor, κ is permeability, μ is the melt viscosity, η and ζ are the shear and bulk
viscosity of the matrix, respectively, g is the constant acceleration due to gravity, e3
is the unit vector in the z-direction (i.e., e3 = (0, 1) when d = 2 and e3 = (0, 0, 1)
when d = 3), pf is the melt pressure, ρf and ρs are the constant melt and matrix
densities, respectively, and ρ̄ = ρfφ + ρs(1 − φ) is the phase-averaged density. Here
we assume that μ, η, and ζ are constants and that κ is a function of φ. The magma
(fluid) velocity uf can be obtained from u, φ, and pf through:

(2.4) uf = u− κ

φμ
∇ (pf + ρfgz) .

It will be useful to decompose the melt pressure as pf = p − ρsgz, where p is the
dynamic pressure and ρsgz the “lithostatic” pressure. Equations (2.2), (2.3), and (2.4)
may then be written as

−∇ · 2ηε(u) +∇p = ∇
((

ζ − 2
3η
)
∇ · u

)
+ gΔρφe3,(2.5)

∇ · u = ∇ · κ
μ
∇ (p−Δρgz) ,(2.6)

uf = u− κ

φμ
∇ (p−Δρgz) ,(2.7)

where Δρ = ρs − ρf . Constitutive relations are given by

(2.8) κ = κ0

(
φ

φ0

)n

, ζ = rζη,

where φ0 is the characteristic porosity, κ0 the characteristic permeability, n ≥ 1 is a
dimensionless constant, and rζ is the ratio between matrix bulk and shear viscosity.
We nondimensionalize (2.1), (2.5), (2.6), and (2.7) using

(2.9) u = u0u
′, x = Hx′, t = (H/u0)t

′, κ = κ0κ
′, p = ΔρgHp′,

where primed variables are nondimensional, u0 is the velocity scaling, given by

(2.10) u0 =
ΔρgH2

2η
,
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PRECONDITIONERS FOR MAGMA/MANTLE DYNAMICS A1963

and H is a length scale. Dropping the prime notation, the McKenzie equations ((2.1),
(2.5), and (2.6)), in nondimensional form are given by

∂tφ−∇ ·
(
(1 − φ)u

)
= 0,(2.11)

−∇ · ε(u) +∇p = ∇
(

1
2

(
rζ − 2

3

)
∇ · u

)
+ φe3,(2.12)

∇ · u =
2R2

rζ + 4/3
∇ ·
((

φ

φ0

)n

(∇p− e3)

)
,(2.13)

where R = δ/H with δ the compaction length defined as

(2.14) δ =

√
(rζ + 4/3)κ0η

μ
,

and (2.7) becomes

(2.15) uf = u− 2R2

rζ + 4/3

1

φ

(
φ

φ0

)n

(∇p− e3) .

When solving the McKenzie model numerically for time-dependent simulations,
(2.11) is usually decoupled from (2.12) and (2.13). Porosity is updated with (2.11)
after which the velocity and pressure are determined by solving (2.12) and (2.13);
iteration can be used to better capture the coupling. The most expensive part of
this procedure is solving (2.12) and (2.13). In this work we study an optimal solver
for (2.12) and (2.13) for a given porosity field. We remark that an alternative to
decoupling (2.11) from (2.12) and (2.13) is to use a composable linear solver for the
full system (2.11)–(2.13); see Brown et al. [12]. In this case, our optimal solver may
be used as a preconditioner for part of this composable linear solver.

For the rest of this paper we replace (rζ − 2/3)/2 by a constant α. Furthermore,
we replace

(2.16)
R2

α+ 1

(
φ

φ0

)n

by a spatially variable function k(x) (independent of α and φ) and we obtain the
problem

−∇ · ε(u) +∇p = ∇(α∇ · u) + φe3,(2.17a)

∇ · u = ∇ · (k(∇p− e3)).(2.17b)

For coupled magma/mantle dynamics problems, α may range from −1/3 to approxi-
mately 1000. For this reason we will assume in this paper that −1/3 ≤ α ≤ 1000. We
also bound k: 0 ≤ k∗ ≤ k(x) ≤ k∗ for all x ∈ Ω. In the infinite-dimensional setting,
we note that if k(x) = 0 everywhere in Ω, the compaction stress ∇(α∇·u) vanishes as
the velocity field is divergence free and (2.17) reduces to the Stokes equations. This
will not generally be the case for a finite element formulation, as will be discussed in
the following section.

On the boundary of the domain, ∂Ω, we impose

u = g,(2.18)

−k(∇p− e3) · n = 0,(2.19)
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A1964 RHEBERGEN, WELLS, KATZ, AND WATHEN

where g : ∂Ω→ R
d is given boundary data satisfying the compatibility condition

(2.20) 0 =

∫
∂Ω

g · n ds.

3. Finite element formulation. In this section we assume, without loss of
generality, homogeneous boundary conditions on u.

Let Th be a triangulation of Ω with associated finite element spaces Xh ⊂(
H1

0 (Ω)
)d

and Mh ⊂ H1(Ω) ∩ L2
0(Ω). The finite element weak formulation for (2.17)

and (2.18) is given by: find uh, ph ∈ Xh ×Mh such that

(3.1) B(uh; ph,v; q) =

∫
Ω

φe3 · v dx−
∫
Ω

ke3 · ∇q dx ∀v, q ∈ Xh ×Mh,

where

(3.2) B(u; p,v; q) = a(u,v) + b(p,v) + b(q,u)− c(p, q),

and

a(u,v) =

∫
Ω

ε(u) : ε(v) + α(∇ · u)(∇ · v) dx,

b(p,v) = −
∫
Ω

p∇ · v dx,

c(p, q) =

∫
Ω

k∇p · ∇q dx.

(3.3)

Proposition 3.1. For α > −1, there exists a cα > 0 such that

(3.4) a(v,v) ≥ cα‖v‖21 ∀ v ∈
(
H1

0 (Ω)
)d

.

Proof. The proposition follows from

(3.5) ‖∇ · v‖2 ≤
∥∥ε(v)∥∥2 ≤‖∇v‖2 ∀ v ∈

(
H1

0 (Ω)
)d

,

(see [16, eq. (3.4)]) and the application of Korn’s inequality.
We will consider finite elements that are inf-sup stable [11] in the degenerate limit

of k = 0, i.e., a(u,v) is coercive (see Proposition 3.1), c(p, p) ≥ 0 ∀p ∈ Mh, and for
which there exists a constant c1 > 0 independent of h such that

(3.6) max
vh∈Xh

b(qh,vh)

‖∇vh‖
≥ c1‖qh‖ ∀qh ∈Mh.

In particular, we will use Taylor–Hood (P 2–P 1) finite elements on simplices. We note
that while in the infinite-dimensional setting the Stokes equations are recovered from
(2.17) when k = 0, this is not generally the case for the discrete weak formulation
in (3.1) when α �= 0. Obtaining the Stokes limit in the finite element setting when
α �= 0 requires the nontrivial property that the divergence of functions in Xh lie in
the pressure space Mh. This is not the case for Taylor–Hood finite elements.

The discrete system (3.1) can be written in block matrix form as

(3.7)

[
A BT

B −Ck

][
u
p

]
=

[
f
g

]
,
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PRECONDITIONERS FOR MAGMA/MANTLE DYNAMICS A1965

where u ∈ R
nu and p ∈ Nnp = {q ∈ R

np |q �= 1} are, respectively, the vectors of
the discrete velocity and pressure variables with respect to appropriate bases for Xh

and Mh. The space Nnp satisfies the zero mean pressure condition.
For later convenience, we define the negative of the “pressure” Schur comple-

ment S:

(3.8) S = BA−1BT + Ck,

and the scalar pressure mass matrix Q such that

(3.9) ‖qh‖2 = 〈Qq, q〉,

for qh ∈ Mh and where q ∈ R
np is the vector of the coefficients associated with the

pressure basis and 〈·, ·〉 denotes the standard Euclidean scalar product.
The differences between the matrix formulation of the magma/mantle equa-

tions (2.17) and the Stokes equations lie in the matrices A and Ck. In the case
of the magma/mantle dynamics, A includes the discretization of compaction stresses:
a “grad-div” term weighted by the factor α. Such grad-div terms are known to be
problematic in the context of multigrid methods as the modes associated with lowest
eigenvalues are not well represented on a coarse grid [3]. There have been a num-
ber of investigations into this issue for H(div) finite element problems, e.g., [4, 23].
The second matrix which differs from the Stokes discretization is Ck. For sufficiently
large k, this term provides Laplace-type pressure stabilization for elements that would
otherwise be unstable for the Stokes problem.

4. Optimal block diagonal preconditioners. To model three-dimensional
magma/mantle dynamics of subduction, efficient iterative solvers together with pre-
conditioning techniques are needed to solve the resulting algebraic systems of equa-
tions. The goal of this section is to introduce and prove optimality of a class of block
diagonal preconditioners for (3.7).

To prove optimality of a block preconditioner for the McKenzie problem, we first
present a number of supporting results.

Proposition 4.1. The bilinear form c in (3.3) satisfies

(4.1) c(q, q) ≥ k∗‖∇q‖2 ∀q ∈Mh.

Proof. This follows directly from

(4.2) c(q, q) =
∥∥∥k1/2∇q∥∥∥2 ≥∥∥∥k1/2∗ ∇q

∥∥∥2 .
Lemma 4.2. For the matrices A, B, and Ck given in (3.7), the pressure Schur

complement S in (3.8) and the pressure mass matrix Q in (3.9), for an inf-sup stable
formulation satisfying (3.6), the following bounds hold:

(4.3) 0 < cq ≤
〈Sq, q〉

〈(Q + Ck)q, q〉
≤ cq ∀q ∈ Nnp ,

where cq is given by

(4.4) cq =

{
1/(1− |α|) if − 1/3 ≤ α < 0,

1 if α ≥ 0,
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and cq by

(4.5) cq = min

(
c21 + cPk∗(1 + |α|)
(1 + |α|)(1 + cP k∗)

, 1

)
,

where c1 is the inf-sup constant and cP the Poincaré constant.
Proof. Since A is symmetric and positive definite, and from the definition of S,

〈Sq, q〉 = 〈A−1BT q, BT q〉+ 〈Ckq, q〉

= sup
v∈Rnu

〈v,BT q〉2
〈Av, v〉 + 〈Ckq, q〉

(4.6)

for all q ∈ Nnp . From the definition of matrices A,B,Ck, and Q it then follows that

(4.7) 〈Sq, q〉 = sup
vh∈Xh

(qh,∇ · vh)
2∥∥ε(vh)

∥∥2 + α‖∇ · vh‖2
+ (k∇qh,∇qh).

Using (3.5) and the Cauchy–Schwarz inequality,

(4.8) (qh,∇ · vh)
2 ≤‖qh‖2

∥∥ε(vh)
∥∥2

For −1/3 ≤ α < 0,

∥∥ε(vh)
∥∥2 =

1

1 + α

(∥∥ε(vh)
∥∥2 + α

∥∥ε(vh)
∥∥2)

≤ 1

1 + α

(∥∥ε(vh)
∥∥2 + α‖∇ · vh‖2

)
,

(4.9)

and for α ≥ 0,

(4.10)
∥∥ε(vh)

∥∥2 ≤∥∥ε(vh)
∥∥2 + α‖∇ · vh‖2 .

Hence,

(4.11) (qh,∇ · vh)
2 ≤ cq‖qh‖2

(∥∥ε(vh)
∥∥2 + α‖∇ · vh‖2

)
,

where

(4.12) cq =

{
1/(1− |α|) if − 1/3 ≤ α < 0,

1 if α ≥ 0.

Combining (4.7) and (4.11),

(4.13) 〈Sq, q〉 ≤ cq‖qh‖2 + (k∇qh,∇qh) = cq〈Qq, q〉+ 〈Ckq, q〉 ≤ cq〈(Q + Ck)q, q〉.

This proves the upper bound in (4.3).
Next we determine the lower bound. Using (3.5) and the inf-sup condition (3.6),

max
vh∈Xh

(qh,∇ · vh)
2∥∥ε(vh)

∥∥2 + α‖∇ · vh‖2
≥ max

vh∈Xh

(qh,∇ · vh)
2

(1 + |α|)‖∇vh‖2

≥ c21
1 + |α| ‖qh‖

2
,

(4.14)D
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which leads to

(4.15) 〈Sq, q〉 ≥ c21
1 + |α| 〈Qq, q〉+ 〈Ckq, q〉.

Using Proposition 4.1 and the Poincaré inequality,

〈Ckq, q〉 = (1− ξ)c(qh, qh) + ξ
∥∥∥k1/2∇qh∥∥∥2

≥ (1− ξ)c(qh, qh) + ξcPk∗‖qh‖2

= (1− ξ)〈Ckq, q〉+ ξcPk∗〈Qq, q〉

(4.16)

for any ξ ∈ [0, 1]. Combining (4.15) and (4.16),

(4.17) 〈Sq, q〉 ≥
(

c21
1 + |α| + ξcPk∗

)
〈Qq, q〉+ (1− ξ)〈Ckq, q〉,

and setting ξ = (1 − c21/(1 + |α|))/(1 + cP k∗) in the case that c21/(1 + |α|) ≤ 1, and
otherwise setting ξ = 0,

(4.18) 〈Sq, q〉 ≥ min

(
c21 + cP k∗(1 + |α|)
(1 + |α|)(1 + cPk∗)

, 1

)
〈(Q + Ck)q, q〉

from which cq is deduced.
For the discretization of the Stokes equations, it was shown that the pressure

mass matrix is spectrally equivalent to the Schur complement [32]. This is recovered
from Lemma 4.2 when k = 0 everywhere and α = 0.

Lemma 4.3. For the matrices A, B, and Ck in (3.7), S in (3.8), and the pressure
mass matrix Q in (3.9), if the inf-sup condition in (3.6) is satisfied, then

(4.19)
〈(BT (Q + Ck)

−1Bv, v〉
〈Av, v〉 ≤ cq ∀v ∈ R

nu ,

where cq is the constant from (4.4).
Proof. From Lemma 4.2, symmetry of A, and positive semidefiniteness of C,

(4.20)
qTBA−1BT q

qT (Q+ Ck) q
≤

qT
(
BA−1BT + Ck

)
q

qT (Q+ Ck) q
≤ cq ∀q ∈ Nnp .

Inserting q ← (Q+ Ck)
1/2q,

(4.21)
qT (Q + Ck)

−1/2BA−1BT (Q + Ck)
−1/2q

qT q
≤ cq ∀q ∈ Nnp .

Defining H = (Q+Ck)
−1/2BA−1BT (Q+Ck)

−1/2 and denoting the maximum eigen-
value of H by λmax and associated eigenvector x, since H is symmetric it follows that
λmax ≥ vTHv/(vT v) for all v ∈ R

n and λmax = xTHx/(xTx). Hence, λmax ≤ cq, and

(4.22) (Q+ Ck)
−1/2BA−1BT (Q+ Ck)

−1/2x = λmaxx,

and premultiplying both sides by A−1/2BT (Q + Ck)
−1/2,

(4.23) A−1/2BT (Q + Ck)
−1/2(Q + Ck)

−1/2BA−1/2A−1/2BT (Q+ Ck)
−1/2x

= λmaxA
−1/2BT (Q + Ck)

−1/2x.
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A1968 RHEBERGEN, WELLS, KATZ, AND WATHEN

Letting v = A−1/2BT (Q+ Ck)
−1/2x, the above becomes

(4.24) A−1/2BT (Q+ Ck)
−1BA−1/2v = λmaxv,

and it follows from λmax ≤ cq that

(4.25)
vTA−1/2BT (Q+ Ck)

−1BA−1/2v

vT v
≤ cq ∀v ∈ R

nu ,

or, taking v ← A−1/2v,

(4.26)
vTBT (Q+ Ck)

−1Bv

vTAv
≤ cq ∀v ∈ R

nu ,

and the Lemma follows.
We now consider diagonal block preconditioners for (3.7) of the form

(4.27) P =

[
P 0
0 T

]
, P ∈ R

nu×nu , T ∈ R
np×np .

We assume that P and T are symmetric and positive definite, and that they satisfy

(4.28) δAP ≤
〈Av, v〉
〈Pv, v〉 ≤ δAP ∀v ∈ R

nu , δQT ≤
〈(Q + Ck)q, q〉
〈Tq, q〉 ≤ δQT ∀q ∈ Nnp ,

where δAP , δAP , δQT , and δQT are independent of h, but may depend on model
parameters.

The discrete system in (3.7) is indefinite, and hence has both positive and neg-
ative eigenvalues. The speed of convergence of the MINRES Krylov method for the
preconditioned system

(4.29)

[
P 0
0 T

]−1
[
A BT

B −Ck

][
u
p

]
=

[
P 0
0 T

]−1 [
f
g

]

depends on how tightly the positive and negative eigenvalues of the generalized eigen-
value problem

(4.30)

[
A BT

B −Ck

][
v
q

]
= λ

[
P 0
0 T

] [
v
q

]

are clustered [13, section 6.2]. Our aim now is to develop bounds on the eigenvalues
in (4.30) that are independent of the mesh parameter h.

Theorem 4.4. Let cq and cq be the constants in Lemma 4.2, and the matrices
A, B, and Ck be those given in (3.7), S be the pressure Schur complement in (3.8),
and Q the pressure mass matrix in (3.9). If P and T satisfy (4.28), all eigenvalues
λ < 0 of (4.30) satisfy

(4.31) −cqδQT ≤ λ ≤ 1
2

(
δAP −

√
δ2AP + 4cqδQT δAP

)
,

and eigenvalues λ > 0 of (4.30) satisfy

(4.32) δAP ≤ λ ≤ δAP + cqδQT .
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Proof. Lemmas 4.2 and 4.3 provide the bounds

(4.33) cq ≤
〈Sq, q〉

〈(Q+ Ck)q, q〉
≤ cq,

〈(BT (Q + Ck)
−1Bv, v〉

〈Av, v〉 ≤ cq,

for all q ∈ Nnp and for all v ∈ R
nu . Using these bounds together with the bounds

given in (4.28), the result follows directly by following the proof of Theorem 6.6 in
Elman, Silvester, and Wathen [13], or, more generally, Pestana and Wathen [29].

The main result of this section, Theorem 4.4, states that the eigenvalues of the
generalized eigenvalue problem (4.30) are independent of the problem size. From
Theorem 4.4 we see that

(4.34) λ ∈
[
−cqδQT ,

1

2

(
δAP −

√
δ2AP + 4cqδQT δAP

)]⋃[
δAP , δAP + cqδQT

]
,

in which all constants are independent of the problem size (independent of h). This
tells us that if we can find a P and a T that are spectrally equivalent to A and
Q + Ck, respectively, then an iterative method with preconditioner (4.27) will be
optimal for (3.7).

The interval in (4.34) shows the dependence of the eigenvalues on α and k. The
upper and lower bounds on the positive eigenvalues are well behaved, as is the lower
bound on the negative eigenvalues, for all α and k. It is only when cq � 1 that the
upper bound on the negative eigenvalues tends to zero. If this is the case, the rate of
convergence of the iterative method may slow. From (4.5), we see that cq � 1 only if
α� 1 and, at the same time, k∗ � 1.

5. Preconditioner construction. Implementation of the proposed precondi-
tioner requires the provision of symmetric, positive definite matrices P and T that
satisfy (4.28). Obvious candidates are P = A and T = Q + Ck, with a direct solver
used to compute the action of P−1 and T−1. We will use this for small problems
in the following section to study the performance of the block preconditioning; the
application of a direct solver is not practical, however, when P and T are large, in
which case we advocate the use of multigrid approximations of the inverse.

To provide more general guidance, we first reproduce the following lemma from
Elman, Silvester, and Wathen [13, Lemma 6.2].

Lemma 5.1. If u is the solution to the system Au = f and

(5.1) ui+1 = (I − P−1A)ui + P−1f,

then if the iteration error satisfies 〈A(u−ui+1), u−ui+1〉 ≤ ρ〈A(u−ui), u−ui〉, with
ρ < 1,

(5.2) 1− ρ ≤ 〈Av, v〉〈Pv, v〉 ≤ 1 + ρ ∀v.

Proof. See Elman, Silvester, and Wathen [13, proof of Lemma 6.2].
Lemma 5.1 implies that a solver that is optimal for Au = f will satisfy (4.28), and

is therefore a candidate for P , and likewise for T . The obvious candidates for P and T
are multigrid preconditioners applied to A and Q+ Ck, respectively. However, as we
will show by example in section 6, as α increases, and therefore the compaction stresses
(a grad-div term) become more important, multigrid for P becomes less effective as a
preconditioner. More effective treatment of the large α case is the subject of ongoing
investigations.
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6. Numerical simulations. In this section we verify the analysis results through
numerical examples. In all test cases we use P 2–P 1 Taylor–Hood finite elements on
simplices. The numerical examples deliberately address points of practical interest
such as spatial variations in the parameter k, a wide range of values for α, and large
problem sizes on unstructured grids of subduction zone–like geometries.

We consider two preconditioners. For the first, we take P = A and T = Q +
Ck in (4.27) and apply a direct solver to compute the action of the inverses. This
preconditioner will be referred to as the “LU” preconditioner. For the second, we
use P−1 = AAMG and T−1 = (Q + Ck)

AMG, where we use (·)AMG to denote the use
of algebraic multigrid to approximate the inverse of (·). This preconditioner will be
referred to as the “AMG” preconditioner. The LU preconditioner is introduced as a
reference preconditioner to which the AMG preconditioner can be compared. The LU
preconditioner is not suitable for large scale problems. Note that we never construct
the inverse of P or T , but that we just use the action of the inverse.

All tests use the MINRES method, and the solver is terminated once a relative true
residual of 10−8 is reached. For multigrid approximations of P−1, smoothed aggrega-
tion algebraic multigrid is used via the library ML [14]. For multigrid approximations
of T−1, classical algebraic multigrid is used via the library BoomerAMG [17]. Unless
otherwise stated, we use multigrid V-cycles, with two applications of Chebyshev with
Jacobi smoothing on each level (pre and post) in the case of smoothed aggregation,
and symmetric Gauss–Seidel for the classical algebraic multigrid. The computer code
is developed using the finite element library DOLFIN [24], with block preconditioner
support from PETSc [12] to construct the preconditioners. The computer code to
reproduce all examples is freely available in the supporting material [30].

6.1. Verification of optimality. In this test case we verify optimality of the
block preconditioned MINRES scheme by observing the convergence of the solver for
varying h, α, k∗, and k∗. We solve (2.17) and (2.18) on the unit square domain
Ω = (0, 1)2 using a regular mesh of triangular cells. For the permeability, we consider

(6.1) k =
k∗ − k∗
4 tanh(5)

(
tanh(10x− 5) + tanh(10z − 5)

+
2(k∗ − k∗)− 2 tanh(5)(k∗ + k∗)

k∗ − k∗
+ 2

)
.

We ignore body forces but add a source term f to the right-hand side of (2.17a). The
Dirichlet boundary condition g and the source term f are constructed such that the
exact solution pressure p and velocity u are:

p = − cos(4πx) cos(2πz),(6.2)

ux = k∂xp+ sin(πx) sin(2πz) + 2,(6.3)

uz = k∂zp+
1

2
cos(πx) cos(2πz) + 2.(6.4)

Table 1 shows the number of iterations the MINRES method required to con-
verge using the LU and AMG preconditioners with k∗ = 0.5 and k∗ = 1.5, when
varying α from −1/3 to 1000. We clearly see that the LU preconditioner is optimal
(the iteration count is independent of the problem size), as predicted by the analysis
(see Theorem 4.4). Using the AMG preconditioner, there is a very slight dependence
on the problem size. The results in Table 1 indicate that the LU preconditioner is
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Table 1

Number of iterations for the LU and AMG preconditioned MINRES for the unit square test
with different levels of mesh refinement and for different values of α. The number of degrees of
freedom is denoted by N . For the α = 1000 case, denoted below by AMG∗, four applications of a
Chebyshev smoother, with one symmetric Gauss–Seidel iteration for each application, was used.

α = − 1
3

α = 0 α = 1 α = 10 α = 1000
N LU AMG LU AMG LU AMG LU AMG LU AMG∗

9539 9 29 9 30 9 35 8 67 7 202
37,507 9 33 9 36 9 40 8 80 6 283
148,739 8 39 8 40 9 47 7 96 6 366
592,387 8 42 8 44 7 52 7 106 6 432

Table 2

Number of iterations to reach a relative tolerance of 10−8 using preconditioned MINRES for
the unit square test with varying levels of mesh refinement and varying (k∗, k∗) pairs for α = 1.
The number of degrees of freedom is denoted by N .

k∗ = 10−4 k∗ = 0 k∗ = 10−8 k∗ = 10−6 k∗ = 5 · 10−5

N LU AMG LU AMG LU AMG LU AMG
9539 32 88 32 88 32 88 32 80
37,507 35 108 35 108 35 108 35 97
148,739 38 130 37 130 38 127 33 111
592,387 36 143 36 143 35 135 33 122

k∗ = 1 k∗ = 0 k∗ = 0.1 k∗ = 0.5 k∗ = 0.9
N LU AMG LU AMG LU AMG LU AMG

9539 27 67 10 37 9 36 9 36
37,507 28 78 10 44 9 42 9 42
148,739 28 93 10 50 9 48 7 47
592,387 27 101 10 54 9 52 7 52

k∗ = 1000 k∗ = 0 k∗ = 1 k∗ = 10 k∗ = 100
N LU AMG LU AMG LU AMG LU AMG

9539 3 24 3 26 3 24 3 24
37,507 3 27 3 27 3 27 3 30
148,739 3 34 3 33 3 34 3 33
592,387 3 37 3 37 3 37 3 40

k∗ = 108 k∗ = 0 k∗ = 1 k∗ = 103 k∗ = 106

N LU AMG LU AMG LU AMG LU AMG
9539 1 15 1 15 1 15 1 15
37,507 2 18 2 18 2 18 2 18
148,739 2 21 2 21 2 21 2 21
592,387 2 21 2 21 2 21 2 21

uniform with respect to α. Theorem 4.4 indicates a possible dependence on α through
the constant cq. However, for α sufficiently small or sufficiently large, the dependence
of cq on α becomes negligible, and α has only a small impact on the iteration count.
The AMG preconditioner, on the other hand, shows a strong dependence on α. The
issue with the grad-div for multigrid solvers was discussed in section 3, and is manifest
in Table 1. It has been observed in tests that the effectiveness of a multigrid precon-
ditioned solver for the operator A deteriorates with increasing α. This is manifest in
an increasing ρ in (5.2) for increasing α.

Results for the case of large spatial variations in permeability k are presented
in Tables 2 and 3 for the cases α = 1 and α = 100, respectively. A dependence of
the iteration count on the permeability is observed. The smaller k∗, the larger the
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Table 3

Number of iterations to reach a relative tolerance of 10−8 using preconditioned MINRES for
the unit square test with varying levels of mesh refinement and varying (k∗, k∗) pairs for α = 100.
The number of degrees of freedom is denoted by N .

k∗ = 10−4 k∗ = 0 k∗ = 10−8 k∗ = 10−6 k∗ = 5 · 10−5

N LU AMG LU AMG LU AMG LU AMG
9539 67 1605 67 1598 66 1557 58 1385
37,507 75 1922 75 1922 71 1909 62 1730
148,739 76 2179 76 2177 72 2146 59 1972
592,387 73 2356 73 2356 68 2311 59 2156

k∗ = 1 k∗ = 0 k∗ = 0.1 k∗ = 0.5 k∗ = 0.9
N LU AMG LU AMG LU AMG LU AMG

9539 28 350 9 179 8 171 7 169
37,507 28 445 9 212 8 205 8 202
148,739 28 545 9 247 8 236 8 234
592,387 28 597 9 271 8 265 8 265

k∗ = 1000 k∗ = 0 k∗ = 1 k∗ = 10 k∗ = 100
N LU AMG LU AMG LU AMG LU AMG

9539 3 75 3 75 3 75 3 75
37,507 3 94 3 94 3 94 3 94
148,739 3 116 3 116 3 116 3 116
592,387 3 139 3 139 3 139 3 139

k∗ = 108 k∗ = 0 k∗ = 1 k∗ = 103 k∗ = 106

N LU AMG LU AMG LU AMG LU AMG
9539 1 11 1 11 1 11 1 11
37,507 1 13 1 13 1 13 1 13
148,739 1 20 1 20 1 20 1 20
592,387 1 23 1 23 1 23 1 23

Γ3

Γ3

Γ2

Γ1
Lz

Lb
x

Lt
x

x

z

(0, 0)

Fig. 1. Description of the wedge geometry for a two-dimensional subduction zone.

iteration counts for both the AMG and the LU preconditioners. We also observe that
for a given k∗ there is little influence of k∗ on the iteration count. Comparing the
results in Tables 2 and 3 we see that the LU preconditioner shows no dependence on
α. For the AMG preconditioner the iteration count increases as α increases from 1 to
100.

6.2. A magma dynamics problem in two dimensions. In this test case
we solve (2.17) and (2.18) on a domain Ω, depicted in Figure 1, using unstructured
meshes with triangular cells. We take Lt

x = 1.5, Lb
x = 0.5, and Lz = 1. We set the

permeability as k = 0.9(1+tanh(−2r)) with r =
√
x2 + z2 and the porosity φ = 0.01.
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(a) α = 1 (b) α = 1000

Fig. 2. Streamlines of the magma (light) and matrix (dark) velocity fields in the wedge of a
two-dimensional subduction zone using the corner flow boundary condition on Γ3. The solution was
computed on a mesh with 116,176 elements.

Table 4

Number of iterations required for the corner flow problem using LU and AMG preconditioned
MINRES for different levels of mesh refinement and varying α. For the α = 1000 case, denoted below
by AMG∗, four applications of a Chebyshev smoother, with one symmetric Gauss–Seidel iteration
for each application, was used.

α = 1 α = 10 α = 100 α = 1000
N LU AMG LU AMG LU AMG LU AMG∗

34,138 26 69 30 140 30 367 28 572
133,777 26 75 29 151 27 390 27 669
526,719 24 81 29 171 26 446 27 758

We consider two test cases for this geometry. The first test problem we denote as
the analytical corner flow test problem and the second as the traction-free test prob-
lem. In both problems we prescribe the following conditions: u = uslab = (1,−1)/

√
2

on Γ1, u = 0 on Γ2, and −k (∇p− e3) · n = 0 on ∂Ω.

6.2.1. Analytic corner flow. For the analytical corner flow problem we pre-
scribe u = ucorner = (ux, uz) on Γ3, which is the analytic expression for corner flow [9,
section 4.8]. The corner flow velocity components ux and uz are given by

(6.5) ux = cos(θ)ur + sin(θ)uθ, uz = − sin(θ)ur + cos(θ)uθ,

where θ = − arctan(z̃/x), z̃ = z − 1, and

(6.6) ur = Cθ sin(θ) +D(sin(θ) + θ cos(θ)), uθ = C(sin(θ)− θ cos(θ)) +Dθ sin(θ),

with

(6.7) C =
β sin(β)

β2 − sin2(β)
, D =

β cos(β)− sin(β)

β2 − sin2(β)
.

Here β = π/4 is the angle between Γ1 and Γ2. In Figure 2 we show the computed
streamlines of the magma and matrix velocity fields for this problem.

Table 4 presents the number of solver iterations for the LU and AMG precondi-
tioners for different values of α. We observe very similar behavior to what we saw for
the test in section 6.1. The LU preconditioner is optimal and uniform. The AMG pre-
conditioner again shows slight dependence on the problem size, and as α is increased
the iteration count grows.
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(a) α = 1 (b) α = 1000

Fig. 3. Streamlines of the magma (light) and matrix (dark) velocity fields in the wedge of
a two-dimensional subduction zone using no stress boundary conditions on Γ3. The solution was
computed on a mesh with 116,176 elements.

Table 5

Number of iterations to reach a relative tolerance of 10−8 using LU and AMG preconditioned
MINRES for different values of α for the no-stress test. For the α = 1000 case, denoted below by
AMG∗, four applications of a Chebyshev smoother, with one symmetric Gauss–Seidel iteration for
each application, was used.

α = 1 α = 10 α = 100 α = 1000
N LU AMG LU AMG LU AMG LU AMG∗

34,138 24 65 29 143 27 375 25 626
133,777 23 73 27 159 27 424 24 718
526,719 23 80 26 175 27 475 24 798

6.2.2. Traction-free problem. For the traction-free problem, instead of pre-
scribing ucorner, we prescribe the zero-traction boundary condition, (ε(u)−pI+α∇·uI)
· n = 0 on Γ3. Figure 3 shows the computed streamlines of the magma and matrix
velocity fields for this problem.

The solver iteration counts for this problem with different levels of mesh refine-
ment and for different values of α are presented in Table 5. As for the analytic corner
flow problem of section 6.2.1, the LU-based preconditioner is optimal and uniform.
As expected, using the AMG-based preconditioner, the solver is not uniform with
respect to α.

6.3. Magma dynamics problem in three dimensions. In the final case we
test the solver for a three-dimensional problem that is geometrically representative of
a subduction zone. We solve (2.17) and (2.18) on the domain Ω depicted in Figure 4.
We set Lt

x = 1.5, Lb
x = 0.5, Ly = 1, and Lz = 1, and use unstructured meshes of

tetrahedral cells. Again we set the permeability as k = 0.9(1 + tanh(−2r)), with
r =
√
x2 + z2, and the porosity φ = 0.01.

As boundary conditions, we prescribe u = uslab = (1, 0.1,−1)/
√
2 on Γ1, u = 0

on Γ2,
(
ε(u) − pI + α∇ · uI

)
· n = 0 on Γ3, and −k (∇p− e3) · n = 0 on ∂Ω. In

Figure 5 we show computed vector plots of the matrix and magma velocities for
α = 1 and α = 1000.

Table 6 shows the number of iterations needed for the AMG preconditioned
MINRES method for the three-dimensional wedge problem. The LU preconditioned
solver is not practical for this problem when using reasonable mesh resolutions. All
cases have been computed in parallel using 16 processes. The computed examples
span a range of problem sizes, and only relatively small changes in the iteration count
are observed for changes in the number of degrees of freedom. Again, as α becomes
larger, so too does the iteration count.
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Fig. 4. Description of the wedge in a three-dimensional subduction zone.

(a) Matrix velocity, α = 1. (b) Magma velocity, α = 1.

(c) Matrix velocity, α = 1000. (d) Magma velocity, α = 1000.

Fig. 5. Vector plots of the magma and matrix velocities in the wedge of a three-dimensional
subduction zone for α = 1 and α = 1000 using the stress-free boundary conditions on Γ3.

Table 6

Number of iterations required for AMG preconditioned MINRES for the three-dimensional sub-
duction model for different levels of mesh refinement and different values of α. The number of
degrees of freedom is denoted by N . For the α = 1000 case, four applications of a Chebyshev
smoother, with one symmetric Gauss–Seidel iteration for each application, was used. All tests were
run using 16 MPI processes.

N α = 1 α = 10 α = 100 α = 1000
88,500 42 127 363 654
400,690 44 122 355 692
1,821,991 43 122 367 732
8,124,691 41 120 355 775D
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7. Conclusions. In this work we introduced and analyzed an optimal precon-
ditioner for a finite element discretization of the simplified McKenzie equations for
magma/mantle dynamics. Analysis of the preconditioner showed that the Schur com-
plement of the block matrix arising from the finite element discretization of the sim-
plified McKenzie equations may be approximated by a pressure mass matrix plus a
permeability matrix. The analysis was verified through numerical simulations on a
unit square and two- and three-dimensional wedge flow problems inspired by subduc-
tion zones. For all computations we used P 2–P 1 Taylor–Hood finite elements as they
are inf-sup stable in the degenerate limit of vanishing permeability. Numerical tests
demonstrated optimality of the solver. We observed that the multigrid version of the
preconditioner was not uniform with respect to the bulk-to-shear-viscosity ratio α.
As α is increased, the iteration count for the solver increases. We observe a similar
behavior as k∗ increases.

The analysis and testing of an optimal block preconditioning method for magma/
mantle dynamics presented in this work lays a basis for creating efficient and optimal
simulation tools that will ultimately be put to use to study the genesis and transport
of magma in plate-tectonic subduction zones. Optimality has been demonstrated,
but some open questions remain regarding uniformity with respect to some model
parameters.

Acknowledgments. We thank L. Alisic and J. F. Rudge for the many discus-
sions held related to this paper. We also thank the reviewers M. Knepley, M. Spiegel-
man, C. Wilson, and one that remained anonymous, whose comments helped improve
this paper.

REFERENCES

[1] E. Aharonov, J. A. Whitehead, P. B. Kelemen, and M. Spiegelman, Channeling instability
of upwelling melt in the mantle, J. Geophys. Res., 100 (1995), pp. 20433–20450.

[2] M. S. Alnæs, A. Logg, K. B. Ølgaard, M. E. Rognes, and G. N. Wells, Unified Form Lan-
guage: A domain-specific language for weak formulations of partial differential equations,
ACM Trans. Math. Software, 40 (2014), 9.

[3] D. N. Arnold, R. S. Falk, and R. Winther, Preconditioning in H(div) and applications,
Math. Comp., 66 (1997), pp. 957–984.

[4] D. N. Arnold, R. S. Falk, and R. Winther, Multigrid in H(div) and H(curl), Numer. Math.,
85 (2000), pp. 197–217.

[5] S. Balay, J. Brown, K. Buschelman, V. Eijkhout, W. D. Gropp, D. Kaushik, M. G.

Knepley, L. C. McInnes, B. F. Smith, and H. Zhang, PETSc Users Manual, Technical
report ANL-95/11 - Revision 3.4, Argonne National Laboratory, Argonne, IL, 2013.

[6] S. Balay, J. Brown, K. Buschelman, W. D. Gropp, D. Kaushik, M. G. Knepley, L. C.

McInnes, B. F. Smith, and H. Zhang, PETSc, http://www.mcs.anl.gov/petsc (2014).
[7] S. Balay, W. D. Gropp, L. C. McInnes, and B. F. Smith, Efficient management of paral-

lelism in object oriented numerical software libraries, in Modern Software Tools in Scientific
Computing, E. Arge, A. M. Bruaset, and H. P. Langtangen, eds., Birkhäuser, Boston, 1997,
pp. 163–202.

[8] V. Barcilon and F. Richter, Nonlinear waves in compacting media, J. Fluid Mech., 164
(1986), pp. 429–448.

[9] G. K. Batchelor, An Introduction to Fluid Dynamics, Cambridge University Press, New
York, 1967.

[10] D. Bercovici and Y. Ricard, Energetics of a two-phase model of lithospheric damage, shear
localization and plate-boundary formation, Geophys. J. Int., 152 (2003), pp. 581–596.

[11] F. Brezzi and M. Fortin, Mixed and Hybrid Finite Element Methods, Springer-Verlag, New
York, 1991.

[12] J. Brown, M. G. Knepley, D. A. May, L. C. McInnes, and B. Smith, Composable linear
solvers for multiphysics, in Proceedings of the 2012 11th International Symposium on
Parallel and Distributed Computing (ISPDC), IEEE Computer Society, Los Alamitos,
CA, 2012, pp. 55–62.

D
ow

nl
oa

de
d 

08
/2

2/
14

 to
 1

31
.1

11
.1

84
.1

02
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p

http://www.mcs.anl.gov/petsc


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

PRECONDITIONERS FOR MAGMA/MANTLE DYNAMICS A1977

[13] H. C. Elman, D. J. Silvester, and A. J. Wathen, Finite Elements and Fast Iterative Solvers,
Numer. Math. Sci. Comput., Oxford University Press, New York, 2005.

[14] M. W. Gee, C. M. Siefert, J. J. Hu, R. S. Tuminaro, and M. G. Sala, ML 5.0 Smoothed Ag-
gregation User’s Guide, Technical report SAND2006-2649, Sandia National Laboratories,
Albuquerque, NM, 2006.

[15] A. Ghods and J. Arkani-Hamed, Melt migration beneath mid-ocean ridges, Geophys. J. Int.,
140 (2000), pp. 687–697.

[16] P. P. Grinevich and M. A. Olshanskii, An iterative method for the Stokes-type problem with
variable viscosity, SIAM J. Sci. Comput., 31 (2009), pp. 3959–3978.

[17] V. E. Henson and U. M. Yang, BoomerAMG: A parallel algebraic multigrid solver and pre-
conditioner, Appl. Numer. Math., 41 (2002), pp. 155–177.

[18] R. F. Katz, Magma dynamics with the enthalpy method: Benchmark solutions and magmatic
focusing at mid-ocean ridges, J. Petrol., 49 (2008), 2099–2121.

[19] R. F. Katz and Y. Takei, Consequences of viscous anisotropy in a deforming, two-phase
aggregate: Part 2. Numerical solutions of the full equations, J. Fluid Mech., 734 (2013),
pp. 456–485.

[20] R. F. Katz, M. G. Knepley, B. Smith, M. Spiegelman, and E. T. Coon, Numerical simula-
tion of geodynamic processes with the portable extensible toolkit for scientific computation,
Phys. Earth Planet. Interiors, 163 (2007), pp. 52–68.

[21] R. F. Katz, M. Spiegelman, and B. Holtzman, The dynamics of melt and shear localization
in partially molten aggregates, Nature, 442 (2006), pp. 676–679.

[22] T. Keller, D. A. May, and B. J. P. Kaus, Numerical modelling of magma dynamics coupled
to tectonic deformation of lithosphere and crust, Geophys. J. Int., 195 (2013), pp. 1406–
1442.

[23] T. V. Kolev and P. S. Vassilevski, Parallel auxiliary space AMG solver for H(div) problems,
SIAM J. Sci. Comput., 34 (2012), pp. A3079–A3098.

[24] A. Logg and G. N. Wells, DOLFIN: Automated finite element computing, ACM Trans.
Math. Software, 37 (2010), 20.

[25] A. Logg, K.-A. Mardal, and G. N. Wells, eds., Automated Solution of Differential Equa-
tions by the Finite Element Method, Lect. Notes Comput. Sci. Eng. 84, Springer, Heidel-
berg, 2012.

[26] D. A. May and L. Moresi, Preconditioned iterative methods for stokes flow problems arising
in computational geodynamics, Phys. Earth Planet. Interiors, 171 (2008), pp. 33–47.

[27] D. McKenzie, The generation and compaction of partially molten rock, J. Petrol., 25 (1984),
pp. 713–765.

[28] K. B. Ølgaard and G. N. Wells, Optimisations for quadrature representations of finite
element tensors through automated code generation, ACM Trans. Math. Software, 37
(2010), 8.

[29] J. Pestana and A. J. Wathen, Natural Preconditioning and Iterative Methods for Saddle
Point Systems, SIAM Rev., to appear.

[30] S. Rhebergen, R. F. Katz, G. N. Wells, and A. Wathen, Preconditioners for Magma
Dynamics: Source Code, https://bitbucket.org/magma-dynamics/preconditioning (2013).

[31] G. Schubert, D. Turcotte, and P. Olson, Mantle Convection in the Earth and Planets,
Cambridge University Press, Cambridge, 2001.

[32] D. Silvester and A. Wathen, Fast iterative solution of stabilised Stokes systems part II:
Using general block preconditioners, SIAM J. Numer. Anal., 31 (1994), pp. 1352–1367.

[33] G. Simpson, M. Spiegelman, and M. I. Weinstein, A multiscale model of partial melts: 1.
Effective equations, J. Geophys. Res., 115 (2010), B04410.

[34] G. Simpson, M. Spiegelman, and M. I. Weinstein, A multiscale model of partial melts: 2.
Numerical results, J. Geophys. Res., 115 (2010), B04411.

[35] M. Spiegelman, Flow in deformable porous-media. Part 1. Simple analysis, J. Fluid Mech.,
247 (1993), pp. 17–28.

[36] M. Spiegelman, Flow in deformable porous media. Part 2. Numerical analysis—The relation-
ship between shock waves and solitary waves, J. Fluid Mech., 247 (1993), pp. 39–63.

[37] Y. Takei and R. F. Katz, Consequences of viscous anisotropy in a deforming, two-phase
aggregate: Part 1. Governing equations and linearised analysis, J. Fluid Mech., 734 (2013),
pp. 424–455.

[38] P. E. van Keken, C. Currie, S. D. King, M. D. Behn, A. Cagnioncle, J. He, R. F. Katz,

S.-C. Lin, E. M. Parmentier, M. Spiegelman, and K. Wang, A community benchmark
for subduction zone modeling, Phys. Earth Planet. Interiors, 171 (2008), pp. 187–197.

[39] C. R. Wilson, M. Spiegelman, and P. E. van Keken, TerraFERMA: The transparent fi-
nite element rapid model assembler for multiphysics problems in earth sciences, Geochem.
Geophys. Geosyst., submitted.

D
ow

nl
oa

de
d 

08
/2

2/
14

 to
 1

31
.1

11
.1

84
.1

02
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SI
A

M
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 h

ttp
://

w
w

w
.s

ia
m

.o
rg

/jo
ur

na
ls

/o
js

a.
ph

p

https://bitbucket.org/magma-dynamics/preconditioning


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


